Due to speed fluctuations of unregulated wind-turbines, the terminal voltage may increase to dangerously high lcvels which have been reported to cause capacitor failure at windfarms. This paper examines the steady-state analysis and performance characteristics of astand-alone self-excited induction generator (SEIG) when a transformer is connected to its terminals to supply theloadat adifferent voltagelevel or to step-up the terminal voltage for transmission. The transformer tends to saturate at higher speeds, and thus absorbs the excess reactive power and limits the increase in terminal voltage and improves voltage regulation. Transformer saturation introduces an additional non-linearity which copmplicates the analysis considerably. A technique for formulating and solving the system's equations including transformer saturation is presented. The same technique is also applicable when the load itself is nonlinear, Experimental investigation has confirmed the accuracy of the proposed technique.
INTRODUCTION
It is well known that an induction machine may generate voltage if a capacitor is connected to its stator terminals while its rotor is driven by a prime-mover. In this case, the capacitor provides the lagging magnetizing reactive power which is necessary to establish the air-gap and this configuration is referred to as a self-excited induction generator (SEIG). In recent years, the SEIG has been increasingly used in isolated power systems employing renewable energy sources such as wind and hydro-power [l-81, due to its lower cost, brushless rotor, ruggedness, and ease of maintenance, etc. However, one of the major drawbacks of the stand-alone SEIG is its poor voltage and frequency regulation. Unless the SEIG is connected to a utility grid, its frequency and stator voltage are free to vary with rotor speed and load. The terminal voltage of an isolated SEIG increases considerably for a small increase in speed [6] . In most developing countries, unregulated wind and micro-hydro turbines are often used due to their lower cost, which renders such systems suitable only for supplying power to loads where voltage and frequency need not to be regulated.
Normally, an isolated SEIG is operated such that the value of the excitation capacitance is close to a minimum possible value, in order to prevent overvoltages and overcurrents in the machine which may result with larger capacitance values or at higher speeds 161. However, capacitor failures due to overvoltages caused by speed fluctuations of unregulated wind or micro-hydro turbines have been reported in the literature [9, 10] . Several techniques to improve voltage regulation of the stand-alone SEIG have also been reported [11,12].
A transformer is sometimes connected between the SEIG and the load if a different voltage level is required by the load or to step-up the terminal voltage to a suitable level for transmission via a high voltage cable to a remote load. Because of the relatively large fluctuations in speed, the transformer may become saturated and thus it acts like a saturated reactor and prevents further increase in terminal voltage with speed. The excitation capacitance may be totally or partially connected on the primary or secondary side of the transformer. However, the effective capacitance reflected at the SEIG's terminal is multiplied by the square of the transformer turns ratio. Equations (1) and (2) contain complex coefficients and they can be separated into four real equations by equating their real and imaginary parts to zero. Selecting V, as areference phasor, thereal unknowns are f. V, , V, and phase angle of V,. Let the real parts of (1) and (2) be denoted by f1 and f2 while their imaginary parts be denoted by gl and g2, then the resultingreal equations are as follows:- Voltage (pu) 
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Effect of Transformer Saturation
If the transformer core becomes saturated then its magnetizing reactance becomes very low and its magnetizing reactive power becomes large. The transformer magnetizing reactance is effectively in parallel with the excitationcapacitance. Therefore the reactive power becomes less since part of the reactive power supplied by the excitation capacitor is consumed by the transformer's magnetizing reactance. Therefore, it is very important to incorporate magnetic saturation of the transformer (if present) in the analysis of the SEIG equivalent circuit for a better solution accuracy since the solution point is strongly affected by such a saturation. 
EFFECT OF LOAD IMPEDANCE
The load impedance has a significant influence on the operating point of the SEIG since it is directly in parallel with the excitation capacitance. The load power-factor is specially important since it affects the overall capacitive reactance. Fig. 9 shows variation of the terminal voltage with load conductance for resistive load, at w = 1 pu, and C = 30 pF. Fig. 10 shows the effect of load power-factor on the terminal voltage, for constant load resistance, speed, and excitation capacitance. 
Voltage Control by Turns Ratio
When a SEIG is loaded, its terminal voltage decreases even for fixed values of excitation capacitance and speed, as shown in Fig. 11 for different values of transformer turns ratio a. One of the methods to overcome this shortcoming is to increase theexcitation capcitance as theload current is increased. Fig. 12 shows an example of computed values of C with load current for a purely resistive load, at constant speed w = 1 pu. Increasing the excitation capacitance as the load increase my have some practical limitations. However, it is possible to connect all or part of the excitation capacitance to the machine through a tap-changing transformer (or a varix). By adjusting the transformer turns ratio, the effective capacitance as seen by the SEIG is controlled since it is multiplied by the square of the turns ratio. It is possible to reduce the required transformer rating by connecting the major capacitance directly to the machine's terminal and connecting only a small, controllable capacitance through the transformer. 
CONCLUSIONS
In this paper, the advantages of connecting a saturable transformer or reactor to the terminals of an isolated self-excited induction generator are highlighted. These advantages include improved voltage regulation and protection against overvoltages which are the major cause of excitation capacitor failure at wind farms which use unregulated wind-turbines.
The presence of the saturable element will also protect against over-voltages caused by increase in capacitance. Capacitance is normally increased in order to compensate for voltage drop due to increased load current, but a large increase in capacitance may lead to over-excitation and hence over-voltage. The additional nonlinearity introduced by the transformer or reactor complicates the analysis of the SEIG considerably. A method to analyze the steady-state performance characteristics of the SEIG with two nonlinearities is presented.
